Pre-upper Senonian basement of Costa Rica crops out in the Santa Elena and Nicoya peninsulas. From south to north and from base to top the basement includes the Esperanza, Matapalo, and Santa Elena units. The Esperanza unit is Albian-Santonian in age and consists mainly of pillow basalt and massive basalt flows. The Matapalo unit includes Callovian-Cenomanian radiolarite and exhibits a massive basalt flow, pillow basalt, and dolerite basement. The Santa Elena unit contains ultramafic and mafic rocks in which harzburgite is the major component. The most important tectonic features of the Nicoya Complex are the large Santa Elena and Matapalo nappes. Nappe emplacement was from north to south during late Santonian time. The sedimentary cover of the Nicoya Complex comprises (1) the Campanian El Viejo Formation, which consists of shallow-water sediments to the north on Santa Elena Peninsula and the Campanian-Maestrichtian Sabana Grande Formation of deep-water origin to the south on Nicoya Peninsula; (2) Paleocene sediments, which indicate deposition in a deep-water environment and which comprise the Rivas, Las Palmas, and Samara formations; and (3) post-upper Eocene(?) sediments, which consist of the shallow-water Barra Honda and Montezuma formations. Two unconformities are the major geologic features of the upper Senonian-Tertiary sequence of Costa Rica. The lower one is at the base of the Sabana Grande Formation and marks a major change in the geologic conditions (basalt is scarce in the Campanian-Tertiary series); the upper unconformity at the base of the Barra Honda and Montezuma formations is not as pronounced as the lower one. During post-Campanian time, normal faulting occurred in two stages separated by a phase of strong erosion.
INTRODUCTION
The Middle America Trench is a convergent plate boundary that marks the subduction of the Cocos Plate beneath Central America and Mexico. The convergence rate is about 9.4 ± 0.3 cm/yr. at an azimuth of N30°E (Minster and Jordan, 1978; McNally and Minster, 1981) in the Guatemala transect region. Seaward on the Cocos Plate the aseismic Tehuantepec Ridge divides the Trench into two parts. The northwest part is the Acapulco Trench studied during Leg 66 (Moore et al., 1979) , and the southeast part is the Guatemala Trench studied during Legs 67 and 84 (von Huene et al., 1980; Aubouin, von Huene et al., 1982a, b) . A late Oligocene-early Miocene age for the subducting Cocos oceanic crust off Guatemala is well supported by the seafloor magnetic anomalies (Hey et al., 1977) and by findings from Leg 67 drilling off Guatemala (Aubouin et al., 1979) . The Seabeam survey of Legs 67 and 84 areas (Aubouin, Stephan, et al., 1982) shows a horst and graben pattern on the Cocos von Huene, R., Aubouin, J., et Plate that is oriented 140°N and thus oblique to the Trench (Fig. 1) .
The Pacific Plate margin off Guatemala has been geophysically surveyed using seismic refraction, seismic reflection, and magnetic and bathymetric measurements . Three different elements of the basement terrane have been defined by their "topographic" characteristics : (1) a steep upper slope, (2) a rugged midslope covered by thick slope deposits, and (3) a smooth lower slope locally broken by benches. Landward-dipping reflectors proposed by Ladd et al. (1978) and Ibrahim et al. (1979) as evidence for a classic accretionary prism (Seely et al., 1974) are truncated by the rough midslope topography . One of these acoustic basement reflectors was interpreted as a prominent unconformity by von and was drilled during Leg 84; this interpretation is supported by results from Site 569 where amphibolites (Bourgois et al., this volume) were drilled beneath lower Eocene-Pliocene slope sediments. Upslope in Hole 570, a basal conglomerate of the slope sediment of early Eocene age was recovered; it overlies serpentinite basement. At the foot of the lower slope at Site 567 mafic and ultramafic basement was drilled below an Upper Cretaceous limestone that we assume to be in place. Thus the Leg 67 and 84 transects across the Guatemala Trench have defined a presently nonaccretionary convergent margin (Aubouin, von Huene et al., 1982a, b; Au- bouin, Bourgois, et al., , 1984 because the rocks below the lower Eocene ophiolitic rocks (Bourgois et al., this volume) of the Guatemala Plate margin are juxtaposed against the subducting Miocene Cocos Plate. A prominent pre-Eocene/post-Upper Cretaceous unconformity is also defined. Seismic data collected off the west coast of Costa Rica (Shipley et al., 1982; Crowe and Buffler, unpublished; Buffler, unpublished) include seven dip lines that extend across the slope from the shelf to the Middle America Trench and three strike lines crossing the landward slope (see Fig. 9 ). Several general results from Buffler^ work are (1) the oceanic crust of the Cocos Plate can be traced beneath the landward slope of the Trench for distances up to 60 km, (2) the normal oceanic sedimentary section is being subducted, and (3) all dip lines record a strong reflector at the base of the slope sediments. Locally the acoustic basement can be traced throughout the shelf and slope; it is called the top of the "accretionary zone" (Buffler, unpublished) and could correspond to the top of the Nicoya Complex. If this is true, the slope sediments could be the Upper Cretaceous and higher sedimentary cover of the Nicoya Complex.
Central America is subdivided on the basis of crustal composition determined from on-land geologic studies into a northern part including Guatemala, Honduras, El Salvador, Belize, and Nicaragua and a southern part including Costa Rica and Panama. Northern Central America is a continental block considered to be tectonically part of North America (McBirney and Williams, 1965; Dengo, 1973) . Costa Rica and Panama are thought to represent an uplifted oceanic slice (Lloyd, 1963; Weyl, 1964; Dengo, 1973; Case, 1974; Stibane et al., 1977; Schmidt-Effing, 1979; Galli, 1979; Kuijpers, 1980; Azema and Tournon, 1980; Bourgois, Azema, et al., 1982; Hein et al., 1983) .
REGIONAL GEOLOGY AND PREVIOUS WORK ON THE NICOYA COMPLEX OF COSTA RICA
In Costa Rica the first geologic overview was provided by Dengo (1962a) , and the most recently published geologic map was that of ICAITI (1968) . The Nicoya Complex (Dengo, 1962a) has been divided into two major stratigraphic units (de Boer, 1979; Kuijpers, 1980; Schmidt-Effing et al., 1981; Bourgois, Azema, et al., 1982) . The lower stratigraphic unit has generally been interpreted as uplifted Lower-Upper Cretaceous oceanic crust (Galli, 1977; Kuijpers, 1980; Schmidt-Effing et al., 1981) , which includes the Peridotites of the Santa Elena Peninsula (de Boer, 1979; Azema and Tournon, 1980; Bourgois, Azema, et al., 1982) . The upper stratigraphic unit of the Nicoya Complex is not clearly defined, and its interpretation is controversial. De Boer (1979) describes the upper unit as a sequence of volcanic rocks intercalated with chert, tuffaceous sediment, and limestone and interprets it as part of a volcanic arc built on the oceanic crust of the lower unit. An upper stratigraphic unit in the Nicoya Complex was also described by Schmidt-Effing (1979) . He has subdivided it into six "subcomplexes" that include pillow basalts with inclusions of sedimentary rocks ranging in age from Late Jurassic to Eocene. These subcomplexes were interpreted (Schmidt-Effing, 1979; Schmidt-Effing et al., 1981; Gursky et al., 1982) as an oceanic plateau built on the lower unit of the Nicoya Complex. Neither of these two interpretations proposes a major break induced by tectonic deformation during the Mesozoic and Cenozoic geologic history of the Nicoya Complex. The first to recognize a prominent unconformity in the Santa Elena and Nicoya peninsulas was Dengo (1962a) . He suggested a major tectonic change between the Nicoya Complex and the Sabana Grande Formation. Kuijpers (1980) also subdivided the rocks of the Nicoya Peninsula into a Nicoya ophiolite complex and an "overlying series" of early Campanian-Pleistocene age. He described a prominent unconformity between these two rock units. On Santa Elena Peninsula, Harrison (1953) , Dengo (1962a, b) , and Azema and Tournon (1980) described a cover of shallow-water sediments overlying the peridotites, which includes reef limestone. The unconformity between the peridotites and the sediments is marked by a basal conglomerate containing reworked peridotite pebbles.
A third interpretation for the upper stratigraphic unit is that of Lundberg (1982) who has proposed a trench slope origin of the sedimentary deposits within the Nicoya Complex with uplift by progressive deformation of an intraoceanic arc trench system during Late Cretaceous and Tertiary time.
The basement of Costa Rica crops out mainly on Santa Elena and Nicoya peninsulas. It includes harzburgite, gabbro, basalt, pillow basalt, and volcanic and oceanic sediments. The Santa Elena Peninsula is composed of mafic and ultramafic rock. The major component is harzburgite. It is generally agreed that the rocks of the Santa Elena Peninsula were a basal part of an ophiolitic sequence (Harrison, 1953; Dengo, 1962b; Azema and Tournon, 1980) . The occurrence of peridotite was thought to be related to the Clipperton Fault zone (Dengo, 1962b; Weyl, 1969) . Another interpretation by de Boer (1979) proposes that the ultramafic rocks of Santa Elena Peninsula are exposed in a major suture zone between the Chortis and Noba blocks. Using magnetic studies he projects the suture eastward but not westward. Structural analysis by the Santa Elena peridotite, however, provides evidence for southward overthrusting Tournon, 1980, 1982; Bourgois, Azema, et al., 1982) onto the radiolarites of the Rio Potrero Grande window. Thus, the occurrence of ultramafic rock on Santa Elena Peninsula can apparently not be related to a simple uplift.
Pre-upper Senonian lithologic units were clearly delineated by Kuijpers (1980) on northern Nicoya Peninsula. They include the Esperanza and Matapalo units (Kuijpers, 1980) . Dengo (1962a) was the first to describe the "ophiolites" of the Nicoya Complex and to relate them to oceanic crust. Subsequently the Nicoya Complex has become a topic of various studies (Weyl, 1966 (Weyl, , 1969 Henningsen and Weyl, 1967; Galli, 1977 Galli, , 1979 Schmidt-Effing, 1979; Kuijpers, 1980; Tournon, 1980, 1982; Gursky et al., 1982) , and several hypotheses have been proposed to explain it: (1) an accretionary process (Galli and Schmidt-Effing, 1977; Galli, 1979) ; (2) a continuous sedimentation from Latest Jurassic through Cretaceous and Paleocene-Eocene time with intermittent volcanic activity above an aseismic ridge (Schmidt-Effing, 1979) ; (3) a polyphase mechanism involving obduction of an oceanic crust assemblage during late Santonian time (Esperanza unit) onto an older oceanic crust assemblage (Matapalo unit) (Kuijpers, 1980) .
THE NICOYA COMPLEX: JURASSIC-SANTONIAN ONSHORE HISTORY
The Esperanza Unit The exact thickness of the Esperanza unit (Kuijpers, 1980) is not known, but it is at least a few hundred meters. It consists mainly of basalt and ophitic diabase. South of the Nicoya Peninsula, the Esperanza unit is composed mainly of pillow basalt interbedded with a few massive basalt flows. Sparse associated sediments include siliceous limestone, chert, and radiolarite (Fig. 2) . Locally the sediments contain radiolarian assemblages indicating Cenomanian-early Santonian age (Kuijpers, 1980) . Twenty radiolarian samples from northwestern Nicoya Peninsula studied by one of the authors (P.O.B.) were mainly from Santonian assemblages. Late Albian ammonites from the southern Nicoya Peninsula were mentioned by Azema, Sornay, et al. (1979) . This Albian age is supported by radiolarian assemblages (De Wever, personal communication, 1983) . In the Montezuma region, a Cenomanian-Turonian age is supported by microfauna assemblages found in pillow basalt sediments , as near Playa Junquillal (Schmidt-Effing, 1979) .
In the Punta Gorda-Cartagena region, massive basalt flows are more prevalent than they are southward. Along the coast south of Punta Gorda, doleritic dikes intrude thinly bedded radiolarites causing slight deformation. These radiolarites have a maximum thickness of 10 m and contain radiolarian assemblages of Santonian age (P. Baumgartner, personal communication, 1983) . At Huacas, similar radiolarites are associated with sills of dolerites with magnesian olivine (Table 1 , column 10) and pyroxenic dolerites characterized by ovoid nodules of large bytownite crystals. In the southern Nicoya Peninsula, basalts that are commonly pillowed are tholeiites (Table 1, column 11) (Weyl, 1969; Pichler and Weyl, 1973) . The tectonic deformation of the Esperanza unit consists of open folds. On southern Nicoya Peninsula the dips are as great as 25°. Steeper dips are rare and are associated with faults. Northward the deformation involves more closed folds. The deformation, however, of radiolarites and basalt flows (Fig. 3) is always less important in the Esperanza unit than in the Matapalo unit.
The Matapalo Unit
The Matapalo unit (Kuijpers, 1980) consists of hundreds of meters of gabbro, dolerite, and basalt overlain by a series of radiolarites whose thickness is very difficult to estimate because of intense folding. The Matapalo unit crops out mainly in the northwestern part of Nicoya Peninsula (Fig. 4) .
The Matapalo unit radiolarite is generally strongly impregnated with hematite (Kuijpers, 1980) , and at a few localities radiolarite contains manganiferous nodules (Fig.  2) , as, for example, at El Frances (Fig. 4) . Kuijpers and Denyer (1979) have shown that nodules and lenses originate from hydrothermal solutions emanating from the ocean floor. All these features are associated with an overall orange color that is quite different from that of the Esperanza unit radiolarite. The basalts are mainly massive basaltic flows; pillow basalt is rare. Chemical analyses show low K/Na ratios. The basalts are made up mainly of clinopyroxene and calcic Plagioclase. Magnetite is abundant and the Fe content is very high (see Table 1 , column 5). In the Ocotal region (see Fig. 4 ), a dolerite stock intrudes basalts. The dolerite is composed of labradorite, zoned clinopyroxene (augite to ferroaugite), magnetite, and ilmenite. This dolerite has a very high total iron content of up to 15% (Table 1 , column 6). Differentiated igneous facies of dolerite occur in the Ocotal stock. It is a dolerite with a very high Fe content, making it a ferrodolerite with fayalite. The FeO content is as high as 26.5% in this rock type (Table 1, column 7). A granophyre also occurs (Table 1, column 8) that includes hedenbergite. This rock appears as the final differentiated facies of the Ocotal stock. The mineralogic and chemical compositions of the granophyre of the Ocotal stock are very similar to those of differentiated facies of Skaergaard (Wager and Brown, 1968) .
In the Brasilito area radiolarian assemblages of Late Jurassic age (Galli, 1977) and Late Jurassic-Neocomian age (Schmidt-Effing, 1979) were first described. Later a Berriasian-Aptian age was identified for the Matapalo unit (Kuijpers, 1980) . Baumgartner (personal communication, 1983) gives new radiolarian ages for various localities in the Matapalo unit. The present data indicate ages from Callovian to Cenomanian. Thus, the basaltic basement of the Matapalo unit dates back to at least Late Jurassic.
Intense isoclinal folding characterizes the Matapalo unit. The deformation is particularly obvious in the ra- diolarite, and it forms a good criterion to differentiate Matapalo radiolarite from Esperanza radiolarite. Small isoclinal folds occur along the basal radiolarite contact (Kuijpers, 1980) . It is evident that the basalt was also affected by the same episode of folding. However, slumping is also obvious in the radiolarite in exposures south of Huacas. The importance of the isoclinal folding has been overestimated in some previous studies (de Boer, 1979; Kuijpers, 1980) because a distinction has not been made between tectonic and synsedimentary folds.
The distinguishing characteristics of the Matapalo unit are (1) a Callovian-Cenomanian age; (2) a basaltic and doleritic basement with a very high Fe content; (3) intense isoclinal folding; and (4) an apparent oceanic paleoenvironment (radiolarites with manganiferous nodules). In contrast, none of these features occur in the Esperanza unit, which is instead characterized by (1) an Albian-Santonian age; (2) a basaltic and doleritic basement with a low Fe content; and (3) less folding than in the Matapalo unit. 
The Volcanic and Sedimentary Material of the Santa Elena Peninsula
Volcanic and sedimentary material occurs in some tectonic windows beneath the peridotites of the Santa Elena Peninsula Tournon and Azema, 1980) . This material consists mainly of pillow basalts and radiolarites that locally contain radiolarian assemblages of Cenomanian (Schmidt-Effing, 1980) and Albian-Cenomanian age . These formations probably belong to a northern equivalent of the Nicoya Complex. Indeed, the volcanic rocks have affinities with those of the Matapalo unit (see Table 1 , columns 3 and 4), whereas some of radiolarites contain the same facies as the radiolarites of the Esperanza unit. Moreover, there are some differences between the volcanic and sedimentary material of the tectonic windows and the Matapalo and Esperanza unit material. On the Santa Elena Peninsula there is also siliceous limestone of Albian age and radiolarite breccia that contains radiolarian assemblages of Albian-Cenomanian age with reworked radiolarians of Late Jurassic and Neocomian ages (De Wever, personal communication, 1983) .
The Santa Elena Unit
Mafic and ultramafic rocks differing from the Esperanza and Matapalo units crop out in the Santa Elena Peninsula (Fig. 2) . They were first noted by Harrison (1953) and later described by Dengo (1962a, b) . Petrographic and geochemical studies were recently made by Tournon and Azema (1980) . The major component of the massif is serpentinized harzburgites. Layered gabbros also crop out at Bahia Nancite (Fig. 4) . The relationship between the harzburgite and the cumulates is not yet known. A doleritic and basaltic sheeted dike complex cuts into the stratified mafic rocks and another sheeted dike complex (Table 1 , columns 1, 2) composed of pegmatitic gabbros also cuts into the ultramafic rocks. Within the peridotite foliated amphibolite and pyroxenite occur as blocks and shear zones. These rocks are fragments of an ophiolitic complex (Dengo, 1962a, b; Weyl, 1969; Schmidt-Effing, 1980; Azema and Tournon, 1980; Tournon and Azema, 1980) . The ophiolitic sequence has a mineralogy and geochemistry similar to the basement rocks drilled during Leg 84 (Bourgois et al., this volume) .
The Nicoya Complex Megastructures
The emplacement of nappes along the Costa Rican Pacific coast was proposed originally in two papers. (1) Azema and Tournon (1980) proposed that the allochthon of the Santa Elena peridotite rests on radiolarites exposed in the Rio Potrero Grande window on central Santa Elena Peninsula. (2) Kuijpers (1980) proposed that an allochthon for the younger Esperanza unit rests on top of the older Matapalo unit on northwestern Nicoya Peninsula.
The Overthrust of the Matapalo Unit
The lithostratigraphy of the Matapalo unit is characterized by radiolarites that differ from those of the Esperanza unit by their facies, age, and nature of folding.
In the Matapalo-Cartagena area, Matapalo radiolarite intruded by dolerites is common (Fig. 2) . Mapping shows that the radiolarite of the Matapalo unit rests structurally on the basalt and the interbedded radiolarite of the Esperanza unit (Fig. 4) . The structural relationship of these two units is also well exposed in the Huacas-El Llano region. A cross-section based on road cuts between Huacas and El Llanos (Fig. 3) shows very gently dipping radiolarite beds. Dips are southward to the south, northward to the north, and outline a very open fold. The southern limb of this anticline dips under the older and more folded radiolarite of the Matapalo unit, as shown on the cross-sections of Fig. 5 . Such mapping shows that the Matapalo unit is a tectonic slice thrust on top of the Esperanza unit.
The Overthrust of the Santa Elena Unit
The Rio Potrero Grande window and the related overthrusts of Playa Carrizal and Playa Respingue have been described by Tournon (1980, 1982) . Mafic and ultramafic rocks of the Santa Elena unit (Fig. 4) rest structurally on folded radiolarite of Rio Potrero Grande and the volcaniclastic sediments of Playa Carrizal and Playa Respingue. The tectonic contact consists of a thick tectonic breccia, which is well exposed at Playa Carrizal and Playa Respingue, and is accompanied by intense folding. Isoclinal folds are obvious, particularly in the lower part of the overthrusted peridotites. Vergence of the folds indicates that emplacement of the Santa Elena nappe was from north to south, which is in agreement with the general east-west trend of the pre-upper Senonian structures. In addition, Albian-Cenomanian radiolarian assemblages were documented in the sediments underlying the Santa Elena peridotite (Schmidt-Effing, 1980; Azema et al., 1982) .
Conclusion
The most important tectonic feature of the pre-upper Senonian rocks of the Nicoya Complex is the large Santa Elena and Matapalo nappes. Nappe emplacement was apparently from north to south. These major structural features are considered to be products of post-late Santonian tectonic stress (Kuijpers, 1980) for the lowest Esperanza unit contains Santonian radiolarite and is unconformably overlain by Campanian-Maestrichtian rocks.
THE SEDIMENTARY COVER: CAMPANIAN-TERTIARY ONSHORE HISTORY Sabana Grande and El Viejo Formations
The Sabana Grande Formation (Fig. 6 ) (McDonald, 1920; Dengo, 1962a, b ) is a lithologically heterogeneous sequence that overlies dolerites, basalts, and radiolarites of the Nicoya Complex. Sabana Grande limestones are late Campanian and Maestrichtian in age (Galü and Schmidt-Effing, 1977; Azema and Tournon, 1980) , and the lowermost base of the overlying Rivas Formation is early Paleocene in age. The most complete section of the Sabana Grande Formation (Fig. 7A ) has a thickness of 250 m and crops out in the southeastern part of Nicoya Peninsula. The best outcrops are along the coast from Montezuma in the southwest to Playa Curù in the northeast.
In the Montezuma and Playa Curù regions (Fig. 7A ), the base of the Sabana Grande Formation is a thick sedimentary breccia that was interpreted to be the uppermost Nicoya Complex by Lundberg (1982) . The clasts or blocks range in size from 1 to 100 cm and greater and originate from the underlying Nicoya Complex; they are composed of dolerite, basalt, radiolarite, and jasper. At Playa Curù the sedimentary breccia lies on pillow basalts of the Nicoya Complex that dip more steeply than those at Montezuma. Interbedded in sedimentary breccias are thinly bedded turbidites of fine-grained volcanic debris and siliceous mudstone of the Sabana Grande Formation. In some places, the breccia matrix is a red siliceous mudstone. Apparently the breccia that overlies the Nicoya Complex is the basal sedimentary breccia of the Sabana Grande Formation. The sediment associated with the breccia appears to be from a deep-water environment, as is the underlying Nicoya Complex and the overlying part of the Sabana Grande Formation (Lundberg, 1982) .
In the southern part of Nicoya Peninsula, the sedimentary breccias are overlain by siliceous mudstones interbedded with very thinly bedded volcanogenic turbidites. Volcanic ash layers are commonly 10 to 15 cm thick; the whole sequence is 150 to 180 m thick. The depositional environment was probably a very distal deep-sea fan. On top of this lies a pink to white limestone rich in planktonic foraminifer tests. The limestone is medium to thinly bedded and up to 50 m thick. It gives way upward in the section to pink and white calcareous mudstone that is overlain by a 25-cm-thick ash layer at the very top. The limestone and calcareous mudstone most likely represent deep-water deposits that accumulated above the local calcite compensation depth (CCD) and that were composed largely of calcareous nannoplankton and foraminifer tests. The Sabana Grande Formation, including the basal conglomerate and the topmost calcareous mudstones, apparently originated in a deepwater environment.
In the southern part of Santa Elena Peninsula in the Rio Nisperal area (Fig. IC) , the peridotite is directly overlain by the El Viejo Limestone (name proposed by Schmidt-Effing, 1975) . The basal unconformity is documented by a conglomerate consisting of subrounded peridotite pebbles. There are no radiolarite or basalt clasts. The limestone is largely composed of rudistids, nerineas, and corals and also contains large benthic foraminifers. Above this lies a pink to white, medium to thinly bedded calcareous mudstone that compares to the upper calcareous portion of the more southerly Sabana Grande Formation; the whole section is a maximum of 60 m thick. In this region the deep-water siliceous part of the Sabana Grande Formation is apparently replaced by the reefal El Viejo Formation. The lower part of the Senonian section here is of shallow-water origin (Fig. 7B) . On northern Santa Elena Peninsula in the Hacienda Murcielago region, the contact between the peridotites and the El Viejo Limestone is faulted. However, reworked peridotite pebbles in the basal part of the shallow-water limestone section suggest the same relationships as in southern and central Santa Elena Peninsula. Along the fault zone, deep-water calcareous mudstone containing Globotruncana appears to be intercalated with shallow water limestone. Another shallow-water section of El Viejo Limestone crops out near Bolson southeast of Filadelfia in the Rio Tempisque depression (Fig. 7D) . North of the Gulf of Nicoya (Fig. 7E) near Colorado de Abangares, Rivier (1983) describes a possibly continental conglomerate (Conglomerado Barbudal) that resulted from the erosion of the Nicoya Complex. The conglomerate is composed of basalt, dolerie, gabbro, and red radiolarite pebbles "floating" in a red muddy matrix, which strongly suggests a terrestrial origin. The red conglomerate is overlain by a yellow, much more winnowed, possibly marine conglomerate containing wellrounded pebbles, which in turn gives way upward in the section to fine-grained sandstones with clasts of reworked shallow-water material, bioclastic limestones, and finally calcareous mudstones that closely resemble the calcareous upper member of the Sabana Grande Formation and that are also of Campanian-Maestrichtian age.
Thus a lithostratigraphic study of the Sabana Grande and El Viejo formations on Santa Elena and Nicoya peninsulas reveals a prominent unconformity at their base. This unconformity is at the base of sediments of terrestrial or shallow-water origin on Santa Elena Peninsula and in the Rio Tempisque regions and of deep-water origin on southern Nicoya Peninsula. This lithologically heterogeneous unit is late Campanian-Maestrichtian in age. (Harrison, 1953; Lexique Stratigraphique International, 1960; Dengo, 1962a; Galli and Schmidt-Effing, 1977; Azema et al., 1981) . Some authors proposed that the Las Palmas Formation includes the lower Eocene deposits (Dengo, 1962a; Kuijpers, 1980; Lundberg, 1982) . The Rivas and Las Palmas formations are well exposed along the coast from Montezuma to Playa Naranjo. The Paleocene sequence is composed of clastic turbidites up to 1500 m thick. The Rivas and Las Palmas formations are divided into three subunits in this study (Fig.  8A) . At the base is the shaly subunit. Its contact with the underlying Sabana Grande Formation is well exposed north of Punta Piedra Colorada. The contact is sharp and is underlined by a 25-cm-thick ash layer at the very top of the pink lutitic limestone of the Sabana Grande Formation. The shaly subunit containing thinly bedded turbidites grades upward through a more sand-rich sequence to thickly bedded turbidites. The shaly subunit is a maximum of 500 m thick. According to Lundberg (1982) it probably represents distal turbidites, whereas the sandy, coarsening-upward beds could represent part of a midfan environment.
The thickly bedded turbidites of the shaly subunit are overlain by a massive sandstone subunit that contains turbidite beds up to 15 m thick. According to Lundberg (1982) , this unit represents channel fill and interchannel deposits that give way upward to thin beds deposited in a midfan environment. The sandstone subsequence is 600 m thick.
Volcanogenic detritus is abundant in the upper carbonate subunit as in the two lower subunits (Fig. 8A) . The turbidites of this sequence, however, are rich in carbonate lithic detritus reflecting reworking of shallow-water sediments. The upper carbonate subunit is approximately equivalent to the Las Palmas Formation (Gardner in Dengo, 1962a; Lundberg, 1982) and is a maximum of 500 m thick. It is dominated by thinly bedded turbidites that locally include thickly bedded carbonate conglomerates and sandstones. The upper carbonate subunit is well exposed near Playa Naranjo, in particular at the Puntarenas ferryboat terminal. The Rivas and Las Palmas formations also crop out in the vicinity of Santa Cruz and Nicoya in the middle of Nicoya Peninsula. For example, the thinly bedded turbidites of the shaly sub- unit are well exposed along Nicoya-La Mansion road. As at Punta Piedra Colorada, the Rivas Formation exhibits synsedimentary deformation that is usually faulted. The Samara Formation (Formacion Arenisca Lutita Samara: Sprechmann, 1982 ) is well exposed south of Nicoya along the cliffs near Bahia Carrillo and Bahia Samara. It consists of olistostromes that include both local and exotic material (Fig. 8B) .
The Paleocene sediments are of deep-water origin on northern Nicoya and Santa Elena peninsulas. In the vicinity of Cartagena (Fig. 8C ) the sequence is mainly composed to regular, thinly stratified, red siliceous limestone with very thin shaly partings. Beds are 8 to 10 cm thick, and the sediment is rich in radiolarians and contains sparse graded bedding and cross-lamination. The estimated thickness is at least several hundred meters. In the Cuajiniquil region (Figs. 6 and 8D ) on northern Santa Elena Peninsula, Paleocene sediments are composed of radiolarian-rich, siliceous mudstones interbedded with very thinly bedded volcaniclastic turbidites. The most complete section has a minimum thickness of 500 m. Thus the Paleocene sediments of the Nicoya and Santa Elena peninsulas were deposited in a variety of sedimentary environments as during Late Cretaceous time. On southeastern Nicoya Peninsula, Paleocene deposits mostly originated in a deep-water, midfan environment; in the northern regions they are of deep-water origin.
Barra Honda Formation
The Barra Honda Formation is a shallow-water limestone occurring in patches of highly variable thickness (maximum 250 m), overlying Upper Cretaceous-lower Eocene deep-water formations with a prominent unconformity (Rivier, 1983) . Algal micrites prevail in the lower massive portion, whereas bioclastic limestones constitute the upper, thickly stratified part of the formation. Its age was considered to be Paleocene by Dengo (1962a) ; however, Mora (1978 and 1981) and Kuijpers (1980) point out that the Barra Honda Formation must be much younger. Rivier (1983) states that its age must be younger than early Eocene and concludes, from the absence of the otherwise common large foraminifers, a post-Oligocene or possibly even Miocene age.
Conclusion
On northern Nicoya and Santa Elena peninsulas, the upper Campanian-Maestrichtian sediments of the El Viejo Formation are apparently of shallow-water origin. Except in North Santa Elena, the sediments of the coeval Sabana Grande Formation originated in deep water above the CCD. The Paleocene sediments of the Rivas, Las Palmas, and Samara formations formed in a deepwater, clastic environment. Late Eocene-Oligocene(?) time marked a change in the sedimentary environment from predominantly deep water to shallow wafer (Barra Honda Formation).
Two unconformities are prominent geologic features of the post-Late Cretaceous history of the Nicoya and Santa Elena peninsulas. The lower one is prominent because the pre-late Campanian rocks are tectonically deformed (folds, overthrusts, and nappes), whereas the younger rocks are less deformed. In addition, the prelate Campanian geologic history is recorded in ophiolitic rocks of a primitive island arc involving oceanic crust, whereas post-late Campanian history involves sediment of a continental margin. The upper unconformity is not as prominent as the lower one.
OFFSHORE CAMPANIAN-TERTIARY SEQUENCES Middle America Trench Off Costa Rica
Multifold seismic reflection data taken off the west coast of Costa Rica were collected by the University of Texas Institute for Geophysics (Shipley et al., 1982; Crowe and Buffler, unpublished; Buffler, unpublished) . Data were taken along 7 lines perpendicular to the Trench axis that extend across the subducted Cocos Plate and the landward Trench slope (Fig. 9 ) and along 3 lines parallel to the Nicoya Peninsula coast. Records taken seaward of the Trench show a 500-m-thick sedimentary sequence overlying acoustic basement (Fig. 10) , which is inferred to represent the top of igneous oceanic crust. As off Guatemala, all records show the Cocos Plate entering the Trench and show a continuation of oceanic crust beneath the Costa Rican Slope for as much as 60 km (Fig. 10) . On the slope itself, the most prominent recorded feature is the strong reflector representing a discontinuity that extends from the Trench to the continental shelf. It defines a boundary between discontinuous reflections and diffractions below and a well-layered section of sedimentary rock above. Thus the University of Texas seismic records define the basement of the Costa Rican slope. In cross-section it is a wedge between the strong reflectors of the subducted oceanic crust and the slope deposits. It is designated as the slope basement wedge (SBW; Fig. 10 ). The relatively high acoustic velocity in this zone (3.6-5.0 km/s) suggests that it is indurated sedimentary rock or volcanic rock.
Middle America Trench Off Guatemala
The Middle America Trench off Guatemala is one of the best studied trenches in the world (Aubouin et al., 1979; von Huene, Aubouin et al., 1980; Aubouin, von Huene, et al., 1982a, b) . It is the only trench beneath which the igneous ocean crust has been sampled (Sites 499 and 500 of Leg 67) (Fig. 11) , and its landward slope is the only one where basement cores of the slope have been recovered (Sites 566, 567, 569, and 570 of Leg 84) (Fig. 11) . The Middle America Trench off Guatemala was surveyed by Seabeam (Aubouin, Stephan, et al., 1982) , multichannel reflection seismics , and Figure 10 . Seven generalized profiles from Middle America Trench to Santa Elena and Nicoya peninsulas. Locations shown in Figure 9 . SBW = slope basement wedge. (Offshore data from Buffler, unpublished; Crowe and Buffler, unpublished.) deep tow (Moore et al., 1982) . The preliminary results of these studies show that although the Cocos Plate sinks into a subduction zone, no evidence of accretion has been found. All the material on the oceanic Cocos Plate is being subducted under the continental slope. This contrasts with the earlier interpretations of the seismic reflection records across the landward slope of the Trench (Seeley et al., 1974) . The base of the slope deposits (Fig.  12 ) produces a strong reflector because of the difference in seismic velocities across it. The slope sediment has an average velocity of 2.2 km/s, whereas the underlying basement has a velocity of 3.2 to 5.5 km/s .
Although not always clearly displayed, the contact is locally a clear unconformity , with stratified sediment resting on a generally nonstratified unit. Where the unconformity was penetrated by drilling, it consists of bedded sediment on an igneous complex (Aubouin, von Huene, et al., 1982a, b) . The thick Paleocene sequence drilled on the outer shelf at the Esso Petrel Well (Seely et al., 1974) was not recovered at the drill sites on the slope.
Whether this absence resulted from nondeposition or from erosion remains questionable. The pre-upper Oligocene unconformity, however, strongly suggests an erosional event. The upper Senonian limestone recovered at Site 567 testifies for a relatively deep-water environment along the lower slope during that time. Unfortunately, it is not possible at this time to give a more detailed account of the Paleocene.
TECTONIC ANALYSIS OF CAMPANIAN-TERTIARY SEDIMENTS: SOME SPECULATIONS
Onshore on the central part of Nicoya Peninsula in the Rio Tempisque area the sedimentary cover consists mainly of the Barra Honda Formation overlain by Recent sediments and volcanic flows. The dip of the limestone beds is very slight (0-25°). The strike of the bedding is N 120° to N 150°; it parallels the regional trend of normal faulting associated with the Rio Tempisque valley (Fig. 13) . Normal faulting is not confined to the Rio Tempisque area; it is the characteristic structure , 1982.) bounding the modern coast of the Santa Elena and Nicoya peninsulas. Offshore from southeastern Nicoya Peninsula a prominent structural high parallels the coast (Case and Holcombe, 1980) . This structure is perpendicular to the Trench, which is shifted along a left strikeslip fault. This fault seems to be active. Plio-Pleistocene to Holocene uplift is also documented by the beach and offshore sandstones of the Montezuma Formation, which today are uplifted more than 100 m, as well as by Holocene uplifted beaches in the MontezumaCabo Blanco area (Fischer, 1980; Battistini and Bergoeing, 1982) .
In this region the University of Texas seismic lines NCY-1 and CR-5 cross the extension of the on-land geology (Figs. 9 and 10 ). Line NCY-1 parallels the geologic cross-section. At most there are 20 km between NCY-1 and the on-land geology. The faults on land can be extended to the seismic line with some confidence. The unconformity in the sedimentary cover appears to correspond offshore to the boundary between the sediments and the volcanic rocks. On the other hand, the unconformity under the Montezuma Formation (Goudkoff and Porter, 1942) appears as a strong erosional surface (U2 of lines 5 and 6, Fig. 10 ) above the Upper CretaceousPaleocene sediments and the igneous basement. All the post-Paleocene structures appear to be normal faults, which are cut by the erosion surface. Figure 14 summarizes the evolution of the southeastern Nicoya Peninsula and extends it to the nearby NCY-1 record. Thus we propose that there are two stages of normal faulting in the Nicoya Peninsula region. The first took place before deposition of the Montezuma Formation. Comparison between lines 4, 5, and 6 (Fig. 10) points out that this phase of normal faulting affected the present continental shelf.
The second phase of normal faulting took place after deposition of the Montezuma and Barra Honda formations. It is associated with the Rio Tempisque subsidence and with the second phase of subsidence of the slope. It resulted from the Nicoya Peninsula on-land geology. Also, a comparison with offshore seismic records off Costa Rica show that the post-lower Eocene rocks have been tilted in two stages. We believe that the tilting produced the Middle America Trench landward slope, the Rio Tempisque subsidence, and also the large uplifted dome structure of Nicoya Peninsula (Kuijpers, 1980) . In our speculative model (Fig. 14) , the shelf as well as the continental slope appear to have resulted mainly from the tilting. The first erosional phase could explain the lack of Paleocene sediment in the Leg 84 drilled holes even though Paleocene deposits are very thick at the Esso Petrel Well (Seely et al., 1974) . Thus evidence for preOligocene erosion, occurring mainly on land in Costa Rica, would be found on the continental slope off Guatemala; this erosion would later have ceased due to slope subsidence. Seabeam data from Leg 67 and 84 areas (Aubouin, Stephan, et al., 1982) give evidence for the post-Oligocene tectonic history of the Middle America Trench inner wall. Scarps associated with benches of the lower slope are concave seaward. Only normal faulting related to collapse can produce this topographic feature.
Thus in Costa Rica and Guatemala normal faulting associated with tilting and collapse is the main tectonic feature affecting the Campanian-Tertiary sedimentary cover.
CONCLUSIONS
We previously defined the slope basement wedge off Costa Rica (Fig. 10 and 12 ) from the seismic data collected by the University of Texas. The slope basement wedge is inferred to be equivalent to the Nicoya Complex on the basis of (1) its high sonic velocity and (2) the proximity between the onshore and offshore data (Figs. 9 and 10). On the landward slope of the Middle America Trench off Guatemala the slope basement wedge was found to consist of ophiolitic rocks (Aubouin, von Huene et al., 1982a, b) down to the toe of the continental slope (Fig. 11) . Harzburgite, cumulate peridotite, gabbro, dolerite, and amphibolite-facies metamorphic rocks have been recognized (Bourgois et al., this volume) on the basis of petrologic and geochemical analyses. These rocks resemble in petrography, chemistry, and age the mafic and ultramafic rocks of Santa Elena Peninsula. Analyses of the on-land lithostratigraphy and structure of the Nicoya Complex show that its most important tectonic features are the large Santa Elena and Matapalo nappes emplaced from north to south. These dominant structures are considered to be products of a post-late Santonian tectonic stress because the lowest Esperanza unit contains Santonian rocks. These results lead us to interpret the landwarddipping slabs of rock (Fig. 15B) within the upper slope off Guatemala to be nappes. The landward-dipping reflectors of the Guatemala slope could be equivalents of the Santa Elena-Matapalo overthrusts (Fig. 15C ). This interpretation is consistent with drilling results, magnetic data, and structural features.
The sedimentologic and lithostratigraphc studies of the sediments overlying the Nicoya Complex give evidence for the Campanian-Tertiary geologic history of Costa Rica. The upper Campanian-Maestrichtian El Viejo Formation apparently formed in a shallow-water and terrestrial environment on northern Nicoya and Santa Elena peninsulas, whereas the coeval Sabana Grande Formation to the south is more likely of deep-water origin. The Paleocene Rivas, Las Palmas, and Samara formations document a deep-water clastic environment. The post-Oligocene Montezuma and Barra Honda formations appear to be shallow-water sediments. Two strong unconformities are a prominent geologic feature of the upper Senonian-Tertiary rocks of the Nicoya and Santa Elena peninsulas. The lower unconformity is below the Sabana Grande Formation, and the second one is below the Barra Honda and Montezuma formations. Late Senonian-Tertiary tectonic history was dominated by normal faulting, which occurred in two stages (Fig. 14) . The first stage is post-Paleocene in age, and the second has probably been active for the last 35 m.y. A strong erosional phase separates the two stages of normal faulting. Seabeam data, drilling, and seismic records all support normal faulting offshore Central America. Thus it is proposed that the Middle America Trench is a new type of active margin (Aubouin, Bourgois, et al., 1984) , the convergent extensional margin. The structure of the continental slope off Guatemala (Fig. 15A ) inferred from the convergent extensional margin hypothesis shows a seaward thinning of the slope basement wedge related to normal faulting. Thus the fundamental mechanism of the slope basement thinning of the convergent extensional margin is apparently the same as that operating on a passive margin. The seaward thinning of the slope sediments, however, leads us to infer that the pre-Oligocene erosion is mainly restricted to the slope (Figs. 10, 11 , and 12). Forty to fifty million years ago the present slope could have been a subaerial relief surface. . B. Summaries of seismic reflection and refraction studies showing velocity structure and major landward-dipping reflectors on the Legs 67 and 84 transects (after Ladd et al., 1982) . C. Interpretation of the structure of the Guatemalan margin. The major landward-dipping reflectors are interpreted as thrust faults bringing pre-Campanian ophiolitic slabs above Upper Jurassic to Upper Cretaceous oceanic rocks of the Matapalo or Esperanza unit, as on land in Costa Rica.
(1) Miocene-Pleistocene sedimentary cover of the Cocos Plate; (2) basalt; (3) Pliocene-Pleistocene slope deposits; (4) acoustic basement; (5) upper Senonian-Miocene sediments; (6) ophiolitic rock; (7) Oligocene and Miocene forearc sediment; (8) Paleocene and Eocene forearc sediment; (9) interpreted as a Matapalo unit remnant on the basis of magnetic and gravity data; (10) major reflectors interpreted as a pre-Campanian overthrusting of the Santa Elena peridotite onto the Matapalo and/or Esperanza unit.
